The QM region included (see also Fig. S1 ) the RNA backbone from the ribose immediately upstream of the cleaved phosphodiester bond to the first and second phosphate group downstream (i.e., in the 3´ direction). In addition, the Mg 2+ and Ca 2+ ions were treated quantum mechanically, together with the carboxy-groups of Asp71, Glu109, Asp132, Glu188, and
Asp132 unprotonated, we can focus on the rate limiting first step in which the RNA backbone is cleaved, but the ribose leaving group is not yet protonated 2 . Finally, seven water molecules were included in the QM region of the simulations, resulting in a total of 100 atoms in the QM region.
We used the standard protonation states of the ionizable residues.
Atomic Charge Calculations.
We used the Gaussian09 3 program package coupled to CHARMM to calculate single point QM/MM energies for several divalent metal ions. We used the 6-31+G* basis set for H, C, O, P atoms. For the metal ions we used larger basis sets: 6-311++G** for Be, Mg, and Ca, aug-ccpVTZ 4 for Mn, Ni, Fe, Co, Cr, and aug-cc-pVTZ-PP 5 for Cu, Zn, Pd, Cd, and Hg. We calculated all possible spin states for the d-orbitals with systems containing transition metal ions and found that the high spin states had the lowest energy in all cases in accordance with previous studies [6] [7] [8] . Singh-Kollman atomic charges 9 on the metal ions were determined with the ionic radii 10 corresponding to octahedral metal ion coordination in a high spin state (Table S3) . also defined a 2D projection via Q e =r2-r1, and Q p =0.5*(r3-r4+r5-r6), and a 1D projection as Q ep =Q e +Q p . 
II. Active site and reaction coordinates

IV. Energy minimizations
We used the DFT B3LYP method with the 6-31+G* basis set to obtain the QM/MM minimized pathway. During the minimizations we used a 0.1 kcal/mol energy tolerance followed by 50 steps of additional minimizations and an additional minimization using 0.01 kcal/mol energy convergence tolerance. We found that the energetics and reaction pathways obtained from energy minimizations starting from equilibrated structures of the string simulations are overall consistent with the free energy calculations. The MgMg minimum energy barrier at Q ep~0 . ii.b 
V. Metal ion coordination geometry
